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ABSTRACT 

We present a comprehensive theoretical study, within a fully realistic semi-analytical 
framework, of the photometric properties of early-type progenitors in the redshift range 
< z < 1, as a function of the luminosity and local environment of the early- type 
remnant at present-day. We find that while larger early-types are generally assembled 
later, their luminosity-weighted stellar ages are typically older. In dense environments, 
~ 70 percent of early-type systems are in place by z = 1 and evolve without major 
interactions thereafter, while in the field the corresponding value is ~ 30 percent. Av- 
eraging across all environments at z ~ 1, less than 50 percent of the stellar mass which 
ends up in early- types today is actually in early- type progenitors at this redshift. The 
corresponding value is ~ 65 percent in clusters due to faster morphological transfor- 
mations in the such dense environments. We also develop probabilistic prescriptions 
which provide a means of including spiral (i.e. non early-type) progenitors at interme- 
diate and high redshifts, based on their luminosity and optical (BVK) colours. For 
example, at intermediate redshifts (z ~ 0.5), large (Mb < —21.5), red (B — V > 0.7) 
spirals have ^ 75 — 95 percent chance of being a progenitor, while the corresponding 
probability for large blue spirals (Mb < —21.5, B — V < 0.7) is ~ 50 — 75 percent. 
Finally, we explore the correspondence between the true progenitor set of present- 
day early-types and the commonly used 'red-sequence', defined as the set of galaxies 
within the part of the colour-magnitude space which is dominated by early-type ob- 
jects. While large members (My < —22) of the 'red sequence' trace the progenitor 
set accurately in terms of numbers and mass, the relationship breaks down severely 
at fainter luminosities (My > —21). Hence the red sequence is generally not a good 
proxy for the progenitor set of early- type galaxies. 

Key words: galaxies: elliptical and lenticular, cD - galaxies: evolution - galaxies: 
formation - galaxies: fundamental parameters 



1 INTRODUCTION 

As 'end points' of galaxy merger sequences, early-type galax- 
ies carry important signatures of mass assembly and star 
formation in the Universe. Deducing their star formation 
histories (SFHs) therefore contains the key to understand- 
ing not only the evolution of these galaxies but characteris- 
tics of galaxy formation as a whole. Our view of early-type 
galaxy formation has developed over the years, away from 
the classical version of 'monolithic collapse' and towards the 
hierarchical assembly of these objects through mergers and 
accretion of fragments over a Hubble time, as advocated by 
the currently popular LCDM paradigm of galaxy formation. 
Traditionally, the evolution in the properties of early- 
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type galaxies, for example their optical colours, has been 
traced by studying early-type populations at progessively 
higher redshift. However, a fundamental feature of early- 
type formation in the standard model is that stellar mass 
that eventually ends up in present-day early-type galaxies is 
not entirely contained in early- type systems at high redshift. 
Looking only at early-type systems at high redshift intro- 
duces a progenitor bias, which becomes increasingly more se- 
vere at higher redshift, as the fracti on of early-type progeni- 
tors becom es progressively smaller llvan Dokkum and Framd 
l200llll996D . 

In the current era of large scale (optical) surveys e.g. 
SDSS, COMBO-17, GALEX, MUSYC, GEMS, unprece- 
dented amounts of data spanning a large range in redshift 
and environment is becoming available, allowing us to study 
statistically significant numbers of galaxies at various stages 
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of evolution. A quantitative assessment of progenitor bias is 
therefore needed to gauge the role of non-early-type progen- 
itors, especially for studies which centre on high redshift. 

A central theme of this work is to quantify progen- 
itor bias. This phenom e non h as already been studied by 
Ivan Dokkum and Franxl J200ll) . However, their study em- 
ployed phenomenological SFHs, with the simple assumption 
that morphological transformations occur ~ 1.5 Gyrs af- 
ter the cessation of star formatio n in a particular galaxy. 
Our s tudy extends the results of Ivan Dokkum and Franxl 
(2001) by using a fully realistic semi-analytical framework, 
in which mass assembly and morphological transformation 
can be followed more accurately in the context of the cur- 
rently popular ACDM paradigm. We study the evolution of 
the progenitor set (galaxies that are progenitors of present- 
day early-types) with redshift, as a function of the luminos- 
ity and environment of the early-type remnant which is left 
at present-day. We pay particular attention to spiral progen- 
itors in the model, since these are routinely excluded from 
studies of early-type galaxies at high redshift by virtue of 
their morphology, even though they form an important part 
of the progenitor set. By comparing the properties (optical 
colours and luminosities) of spiral progenitors to the gen- 
eral spiral population, we provide a means of correcting for 
progenitor bias by including specific parts of the spiral popu- 
lation at high redshift into the study of early-type evolution. 

The plan of this paper is as follows. In Section 2, we 
quantify the morphology of the progenitor set and map the 
general properties of elliptical, SO and spiral progenitors as 
a function of redshift. In Section 3 we focus exclusively on 
spiral progenitors and compare their photometric proper- 
ties to the general spiral population. In Section 4 we trace 
the contribution of galaxies in dense regions (groups and 
clusters) at high redshift to cluster early-types at present- 
day. In Section 5 we explore the correspondence between 
the true progenitor set of present-day early-type galaxies 
and the 'red- sequence', defined as the set of galaxies within 
the part of the colour-magnitude space dominated by early- 
type objects, whic h is commonly used as a proxy for the 
progenitor set (e.g. iBell and GEMS collaborationll2004T) . 

Note that throughout this study we provide rest-frame 
magnitudes for all model galaxies. Unless otherwise noted, 
the filters used are in the standard Johnson system. 



2 DISSECTING THE PROGENITOR SET: 
MORPHOLOGIES OF PROGENITORS 

Early-type galaxies have an assortment of SFHs. Crucial 
to this study is the dynamical age of an early-type galaxy, 
which we define as the epoch at which its last merger took 
place. This last merger creates the early- type remnant and 
imparts its final early-type morphology. As our subsequent 
analysis of progenitor bias involves morphologies and envi- 
ronments of model galaxies, a brief explanation of the defi- 
nition of these quantities is necessary. 

Galaxy morphology in the model is determined by 
the ratio of the B-band luminosities of the disc and 
bulge components which correlate s well with Hubble type 
iSimien and de Vaucouleurs! 11986). A morphology index is 
defined as 



/ = exp 



(1) 



such that a pure disc has 1 = 1 a nd a pure bulge 
has 1 = 0. Following iBaueh et al.l <ll996l) . ellipticals have 
I < 0.219, SOs have 0.219 < I < 0.507 and spirals have 
/ > 0.507. This simple prescription is clearly incapable of 
capturing the complex spectrum of real galaxy morpholo- 
gies. Therefore, in what follows, 'spirals' refer to all systems 
which do not have a dominant spheroidal (bulge) compo- 
nent. Observationally, this includes not only systems with 
distinctive spiral morphologies, but also peculiar or irregu- 
lar systems. 

Galaxy environments in the model are driven by the 
mass of the dark matter (DM) halo in which they are em- 
bedded. At z = 0, DM halo masses greater than ~ 1O 14 M0 
correspond to 'cluster' environments, while halo masses be- 
tween ~ 10 13 Mq and ~ 10 14 Mq correspond to 'groups'. All 
other halo masses correspond to the 'field'. At higher red- 
shifts these definitions do not strictly hold since the DM 
halo population is evolving - for example, the largest haloes 
at z = 1 are likely to be rou ghly half their size at present 
day (e.g lvan den Bo sch 2002). We take this mass accretion 
history into account when specifying the environments of 
galaxies at hig h redshift. T he mass accretion history is taken 
from Ivan den Boschl j2002l see their Figure 5). 

Figure (top panel) indicates the last merger redshifts 
of the sample of early-types in the model split by environ- 
ment of the remnant at z = 0. The bottom panel in Figure 
Qshows histograms of the last merger redshifts shown in the 
top panel, again split by environment. The inset shows the 
fraction of mergers at a given redshift. In Figure [5] we plot 
the average last merger ages as a function of the luminos- 
ity and environment of the early-type remnant at z = 0. 
As expected, we find that, in all environments, larger early- 
types are assembled later (although their stars are generally 
older llKavirai et aljl2005l0 . Cluster galaxies (at least those 
brighter than L„) have significantly larger dynamical ages 
- morphological transformations in clusters proceed more 
quickly than in all other environments. This point is more 
clearly made in Figure [3] where we plot the cumulative frac- 
tion of early-type galaxies which have already has their last 
merger. These galaxies have therefore achieved their final 
'early-type' morphology and are evolving 'monolithically'. 
We find that, on average, without reference to environment, 
only 35 percent of early-type galaxies are in place by z = 1 
(black line) - the rest are still 'in pieces'. In terms of morpho- 
logical transformations cluster environments are special, in 
that early-type morphologies are attained significantly faster 
in clusters (red curve) , with almost 70 percent of early-type 
galaxies having undergone their last merger by z = 1. 

Before the last merger occurs, the morphology of the 
progenitors is not necessarily early-type. Figure [I] shows the 
morphologies of progenitors in binary mergers as a function 
of redshift. Non-binary mergers do happen but are rare, and 
only take place at redshifts greater than z ~ 1. In the local 
Universe, mergers between early-type progenitors make up 
less than 20 percent of the merger activity. All other merg- 
ers contain at least one spiral progenitor. Mergers involving 
solely spiral progenitors increasingly dominate at higher red- 
shift and dominate the merger activity beyond 2 = 1. 

Having provided a picture of the merger activity within 
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Figure 1. TOP: Last merger redshifts of the sample of early- 
types in the model split by environment of the remnant at z = 
0. BOTTOM: Histograms of last merger redshifts shown in the 
top panel, split by environment. The inset shows the fraction of 
mergers at a given redshift. 



Figure 3. Cumulative fraction of early-type galaxies which have 
has their last merger as a function of redshift. 
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Figure 2. Last merger ages as a function of average luminosity 
and environment of the early-type remnant at z = 0. 



Figure 4. Morphologies of progenitors in binary mergers as a 
function of redshift. Non-binary mergers do happen but are rare, 
and only take place at redshifts greater than z ~ 1.5. Mergers at 
intermediate and high redshift are dominated by pairs of progen- 
itors which contain at least one spiral progenitor. 



the progenitor set, it is instructive to look at the fraction 
of the progenitor set which is made up of a certain mor- 
phological type as a function of redshift. Figures Q3 and HJ 
shows the number and mass fractions contained in progen- 
itors of different morphological types in the redshift range 
< z < 3, split by environment and luminosity of the early- 
type remnant at z — respectively. We find that, averaging 
across all environments, at z ~ 1, less than 50 percent of the 
stellar mass which ends up in early-types today is actually 
in early-type progenitors at this redshift. Faster morpholog- 
ical transformation in cluster environments means that this 
value is ~ 65 percent in clusters at z ~ 1. As a result, look- 
ing only at early-type galaxies at z ~ 1 does not take into 
account almost half the stellar mass in the progenitor set. 
In other words, the mass in the progenitor set doubles be- 
tween z = 1 and z = 0. A similar result was found by Bell 
at al. (2004), although they used the optical 'red sequence' 
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Figure 5. Number (top) and mass (bottom) fractions contained 
in progenitors of different morphological types in the redshift 
range < z < 3, split by environment of the early-type rem- 
nant. 



in their study, which does not completely correspond to the 
progenitor set of present-day early-type galaxies (see section 
5 below). 

The bias does not arise simply because some progenitor 
mass is not taken into account, but because the age profile 
of the mass in progenitors of different morphological types 
tends to vary. We illustrate this point in Figure Q The top 
panel shows the average TVtTV-weighted ages of progenitors 
of different morphological types. The NUV weighting, gen- 
erated using the GALEX (Martin el al. 2005) NUV filter, is 
heavily dominated by stars formed within the last 0.5 to 1 
Gyr of look-back time. At all redshifts, early-type progeni- 
tors have higher ./VL?V-weighted ages, because the mass frac- 
tion contributed by recent star formation (RSF) i.e. within 
the last 1 Gyr is smaller than for spiral progenitors. The dif- 
ferences between elliptical and spiral progenitors are most 
pronounced at low redshift. The bottom panel shows the 
fraction of the RSF across the progenitor that is contained 
in each morphological type. This plot obviously has to be 
interpreted in conjunction with the mass fractions hosted 
by each morphological type as a function of redshift. For 
example, at z ~ 0.1, although spiral progenitors host ~ 40 
percent of the total RSF in the progenitor set, they only con- 
stitute ~ 30 percent of the mass in the progenitor set (see 
bottom panel of Figure Early-type progenitors (elliptical 
and SO taken together) contribute ~ 60 percent of the RSF 
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Figure 6. Number (top) and mass (bottom) fractions contained 
in progenitors of different morphological types in the redshift 
range < z < 3, split by luminosity of the early-type remnant. 



- but they also constitute ~ 70 percent of the total mass in 
the progenitor set. Therefore at z ~ 0.1 spiral progenitors 
host 1.5 times the amount of RSF per unit mass than their 
early-type counterparts. At higher redshift the balance of 
RSF contained in each morphological type moves towards 
spiral progenitors, partly because they are more spirals in 
the Universe than early-types. 

Figure |7] illustrates that an increasingly larger fraction 
of RSF in the progenitor set is contained in late- type systems 
at increasing redshift. In the context of colour-magnitude re- 
lations (CMRs) , which are often used to age-date early-type 
populations at all redshifts, the exclusion of spiral progeni- 
tors at high redshift biases the CMR towards redder colours 
and does not give a proper indication of the age of the stel- 
lar mass that eventually constitutes present-day early-type 
galaxies. 



3 THE SPIRAL PROGENITORS 

One of the aims of this study is to provide a means of in- 
cluding spiral populations observed at high redshift which 
might be early-type progenitors, and thus correct, at least 
partially, for progenitor bias. We therefore focus on spiral 
progenitors predicted by the model and compare their pho- 
tometric properties to the general spiral population. 

Providing reasonably accurate prescriptions for finding 
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Figure 7. TOP: Average JVC/ V-weighted ages of progenitors of 
different morphological types. The NUV weighting is heavily 
dominated by stars formed in these progenitors within the last 
0.5 to 1 Gyr of look-back time. Note that the NUV weighting 
was generated using the GALEX (Martin el al. 2005) NUV filter. 
BOTTOM: The fraction of recently formed stars (age < 1 Gyrs 
old) across the progenitor set which is contained in progenitors 
of each morphological type. 



progenitors (of any morphology) based on predicted pho- 
tometry is clearly reliant on the predictions being reasonably 
representative of the observed data. The correspondence be- 
tween predictions from GALICS and observe d optical pho- 
tomet ry (mainly at low redshift) is shown in lHatton et alJ 
(2003, Section 8). The predictions from GALICS produces 
good agreement to the galaxy luminosity functions observe d 
by the 2dF survey in the B and K bands JCross et alJl200ll) . 
The (B — V) co lours of spi r al ga laxies closely follow the 
observed data of iButa et alJ dl994l) . both in terms of aver- 
age values and scatter. The version of the model used i n 
this study is the same as that used in iKaviraT et alJ 12005ft . 
who calibrated GALICS to accurately reproduce the opti- 
cal colours of elliptical galaxies in dense environments from 
z = to z ~ 1.23. Since our study hinges on photomet- 
ric predictions at high redshift, we compare, as a further 
check, in Figure |HJ the (B — V) colours of the spiral pop- 
ulation in GALICS to re cent photometry from COMBO-17 
survey JWolf et al.1 120041) in the redshift range < z < 1. 
The COMBO-17 sample used is restricted to galaxies which 
correspond to the GALICS completeness limits in the B and 
V bands of -18.9 and -19.7 mag respectively. 

We find that predicted spiral colours in GALICS cor- 



Figure 8. Comparison between the colours of COMBO-17 galax- 
ies and the predicted spiral population in GALICS. The COMBO- 
17 sample is restricted to galaxies which correspond to the GAL- 
ICS completeness limits in the B and V bands of -18.9 and -19.7 
mags respectively. 



respond well to the range of observed (B — V) colours in 
the COMBO-17 survey in the redshift range < z < 0.8. 
Comparison to higher redshifts is not possible because the 
accuracy of the obse rved V magnitud es cannot be guaran- 
teed beyond z ~ 0. 7 jWolf et al.l2004l) . However, these com- 
parisons give us some confidence that the colour parameter 
space spanned by the predicted spiral population in GALICS 
is consistent with observations for a wide range of redshifts. 



3.1 The luminosity function of spiral progenitors 

We begin by studying the luminosity function (LF) of spiral 
progenitors. We are interested in studying how the lumi- 
nosities of spiral progenitors compare to the general spiral 
population and what fraction of spirals, at a given lumi- 
nosity, are early- type progenitors. In Figure [5] we show the 
evolution of the B-band LF of spiral progenitors - we also 
show the spiral progenitors separated by the environment 
of their present-day early- type remnant. The left hand col- 
umn illustrates the evolution of the spiral LFs - the yellow 
curve denotes the LF of the general spiral population and 
the black curve the LF of all spiral progenitors. The LFs of 
spiral progenitors whose early-type remnants are, at z = 0, 
in clusters, groups and the field, are shown in red, green and 
blue respectively. Figures [TU1 and [Til show the corresponding 
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Figure 9. The B-band luminosity function of spiral progenitors. 



plots for the predicted V-band and K-band photometry re- 
spectively. 

It is apparent that there is a greater preponderance of 
progenitors among larger spirals at all redshifts. For exam- 
ple, at low redshifts (z < 0.1), 20 to 40 percent of spirals 
with M(B) < —20.5 are early-type progenitors. At inter- 
mediate redshifts (0.3 < z < 0.52), these values rise to 30 
and 60 percent respectively. At high redshift (z ~ 1) spirals 
with M(B) < —21.5 have more than a 60 percent proba- 
bility of being an early-type progenitor, while spirals with 
-20 < M(B) < -21.5 have between a 30 and 40 percent 
chance of being early-type progenitors. The falling progen- 
itor fractions towards lower redshift are partly due to the 
changing morphological mix of the Universe. 



3.2 The colour magnitude space of spiral 
progenitors 

While investigating the LFs of spiral progenitors is useful in 
indicating the probability that a spiral of a given luminos- 
ity has of being a progenitor, it is also desirable to explore 
the colour-magnitude (CM) space of the spiral population, 
so that we can separate progenitor spirals better from the 
general population at a given luminosity. 

In Figure 1121 we compare the (B — V) colours of the 
general spiral population to the (B — V) colours of spiral 
progenitors. The left-hand column shows the spiral (B — V) 
CMR from z = to z = 1. Black dots represent the spi- 
ral galaxies and red dots represent spiral progenitors. In the 
right hand column we show the fraction of spiral progeni- 
tors across the (B — V) CMR. The fractions are indicated 
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Figure 10. Same as Figure ITol but for the V-band. 



using the colour coding shown in the legend. Warmer colours 
indicate a higher progenitor fraction (red implies a progen- 
itor fraction of 1, black represents a progenitor fraction of 
and parts of the CM space without any galaxies are not 
colour-coded). 

At local redshifts (z ~ 0.03), spirals brighter than 
M(B) ~ —21 have ~ 30 percent chance of being an early- 
type progenitor, irrespective of their (B — V) colour. At 
2 ~ 0.1, spirals with -21.5 < M(B) < -20.5 have ~ 30 per- 
cent chance of being a progenitor. For larger spirals, those 
with red (B - V) colours, i.e. (B-V) > 0.8, have ~ 60 per- 
cent chance of being a progenitor, while the corresponding 
probability for bluer spirals is 30 to 50 percent. 

At intermediate redshift (z ~ 0.5), red spirals, with 
-21.5 < M (B) < -20.5 and (B-V) > 0.6, have ~ 30 



percent probability of being an early-type progenitor, while 
blue spirals in the same luminosity range have a low pro- 
genitor probability. For larger spirals at these redshifts, 
the probabilities are appreciably higher - red spirals with 
(B — V) > 0.7 have between a 75 and 95 percent chance of 
being progenitors, while 50 to 75 percent of blue spirals in 
this luminosity range are progenitors. The situation at high 
redshift z ~ 1 is similar to that at intermediate redshift. For 
completess we also show, in Figure 1131 the corresponding 
plot for the (V — K) colours for the spiral population - the 
trends are similar to those we have just described in (B — V). 
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4 PROGENITOR EVOLUTION IN CLUSTERS 

Before the advent of large scale surveys, dense regions of 
the Universe were often targetted for early - type galaxy 
studies, both at low and high redshift (e.g. |B^weret_alJ 
|1992| : IStanford et alJ Il99gl: Ivan Dokkum et al.lll998t Il999l 
l200tll.l20ml:lBlakeslee et al.l2003t) . While studies of dense re- 
gions are attractiv e for a variety of reasons (e.g. lEllisl l2002l 
van DokkumlEooi) . a key benefit is observational (statisti- 
cal) convenience - clusters provide access to large homoge- 
neous samples of luminous objects at all redshifts. It has 
been usual to 'connect' results from cluster studies over 
large redshift ranges to determine (at least qualitatively) 
the chronology of galaxy evolution. 

In this section we investigate progenitors of present-day 



cluster early-types, which are themselves in dense regions 
at z > 0. The motivation for this investigation is two fold. 
Firstly (and most importantly) , it provides a comparison to 
the vast literature of 'cluster' early-type studies. Secondly, 
this version of the GALICS model has been accurately cal- 
ibrated to match the optical C MRs of early-types i n dense 
regions from low to high redshift jKavirai et alJ2 005). which 
implies that the colours of early-type progenitors are also 
reasonably well constrained. In short, the GALICS model 
reproduces the optical colours of cluster early-types at 2 = 
and the colours of all progenitors (regardless of morphology) 
in dense regions at high redshift. Hence, our analysis of the 
evolution of the complete progenitor set (i.e. not just spirals 
as was studied in the previous section), restricted to dense 
regions, is likely to be robust. 
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Figure 12. (B — V) colours of the general population compared to the (B — V) colours of 
those spirals which are progenitors of present-day early-type galaxies. Black dots represent spiral 
galaxies and red dots represent spiral progenitors. The left-hand column shows the spiral (B — V) 
CMR from z = to z = 1. In the right hand column we show the fraction of spirals in parts of 
the (B — V) CMR space which are progenitors of early-type galaxies. The fractions are indicated 
using the colour coding shown in the legend. Warmer colours indicate a higher progenitor fraction 
(red implies a progenitor fraction of 1, black represents a progenitor fraction of and parts of the 
CM space without any galaxies are not colour-coded). 



It is important here to clarify the definitions of 'den- 
sity' that we use to define both 'clusters' at present-day, 
and 'dense' regions at high redshift. As mentioned before, 
model 'density' is assumed to be a direct function of the 
mass of the DM halo in which galaxies are embedded. At 
z = 0, a DM halo mass of 10 14 Mq represents the lower limit 
for a cluster-hosting halo. Observational studies of dense re- 
gions at high redshift are likely to contain an assortment 
of cluster-type haloes of varying occupancies. Furthermore, 
DM haloes themselves are evolving - on average, the largest 



haloes at z = 1 are likely to be roug hly half their size at 
present day (e.g Ivan den Boschl 1200211 . To take these two 
points into account, we use a variable lower mass limit for 
'cluster-hosting' haloes at z > 0. At a given redshift this 
lower li mit is calculated fro m the average mass accretion 
history jvan den BoschlfeoO^ see their Figure5) applied to a 
10 14 M© halo. 

Figure ^] shows the (B ~ V) CMR in clusters in the 
redshift range < z < 1. Large diamonds indicate progen- 
itor galaxies - black indicates ellipticals, green corresponds 
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Figure 13. (V — K) colours of the general population compared to the (V — K) colours of 
those spirals which are progenitors of present-day early-type galaxies. Black dots represent spiral 
galaxies and red dots represent spiral progenitors. The left-hand column shows the spiral (V — K) 
CMR from z = to z = 1. In the right hand column we show the fraction of spirals in parts of 
the (V — K) CMR space which are progenitors of early-type galaxies. The fractions are indicated 
using the colour coding shown in the legend. Warmer colours indicate a higher progenitor fraction 
(red implies a progenitor fraction of 1, black represents a progenitor fraction of and parts of the 
CM space without any galaxies are not colour-coded). 



to SOs and blue indicates spiral galaxies. Small dots indicate 
galaxies which do not contribute to the mass in present-day 
cluster early-types. All early-type galaxies in dense regions 
are, not unexpectedly, progenitors of cluster early-types at 
present day. The top panel in Figure [T5l shows the fraction of 
spiral galaxies in dense regions at high redshift (split by lu- 
minosity) which are progenitors of early-types at z — 0. The 
bottom panel shows the offset in (B — V), with respect to el- 
liptical progenitors, of the SO and spiral progenitor galaxies. 
The offsets are shown split by luminosity. 



We find that at high redshift (z ~ 1) up to 40 percent of 
large spirals (—23 < M{V) < — 21) are progenitors, whereas 
only ~10 percent of small spirals (M(V) > —21) are mem- 
bers of the progenitor set. Large spirals are four times more 
likely to be progenitors than small spirals, regardless of red- 
shift, in the redshift range < z < 1. Elliptical galaxies 
form the reddest locus in (B — V). SO galaxies show an av- 
erage offset of -0.04 compared to the elliptical population, 
regardless of luminosity. Large spiral progenitors show an 
average (B — V) offset of -0.05 compared to the elliptical 
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Figure 14. The (B — V) CMR in clusters in the redshift range 
< z < 1. Large diamonds indicate the progenitors of present- 
day cluster early-type galaxies. Small dots indicate galaxies which 
do not contribute to the mass in present-day cluster early-types. 
Note that all elliptical and SO galaxies in dense regions are, not 
unexpectedly, progenitors of present-day cluster early-types. 




Figure 15. TOP PANEL: The fraction of spiral galaxies in dense 
regions at high redshift (split by luminosity) which are progenitors 
of cluster early-types at z = 0. BOTTOM PANEL: The offset in 
the (B — V), with respect to elliptical progenitors, of SO and spiral 
progenitors in clusters. The offsets are shown split by luminosity. 



population at high redshift, mainly because the scatter in 
the elliptical colours also tends to be large at high redshift. 
At low redshift the offset is more pronounced - large spiral 
progenitors are upto 0.1 mags bluer in (B — V) than the 
elliptical population. 



5 THE 'RED SEQUENCE' AS A PROXY FOR 
THE PROGENITOR SET 

Early-type galaxies in clusters tend to preferentially popu- 
late the reddest parts of the CM space. In this section we 
investigate whether the sample of galaxies (without refer- 
ence to morphology), within the 'red sequence' defined by 
the early-type population, can be used as a proxy for the 
progenitor set. We define the red sequence as the galaxy 
population which occupies the part of the CM space 'domi- 
nated' by early-type galaxies. In Figures [TT)1 and [T71 the CM 
space dominated by early-type galaxies is shown in grey - 
this region is determined by a progressive one-sigma fit to 
the colours of the early-type population. It therefore con- 
tains, on average, 68 percent of the early-type population 
within it. Large diamonds indicate galaxies which are part 
of the progenitor set. Galaxies which are not part of the 



progenitor set are shown using small crosses. Galaxies in 
the red sequence are circled. It is apparent that the red se- 
quence misses blue progenitor galaxies, both early-type and 
late- type. Figure tTol shows the evolution of the 'red sequence' 
from low to intermediate redshift and Figure IT71 the evolu- 
tion from intermediate to high redshift. 

In Figure IT51 we compare galaxies in the actual progen- 
itor set to those in the red sequence. The top panel shows 
the number ratio between the progenitor set population and 
the red sequence population, split by redshift and luminos- 
ity, while the bottom panel shows the mass ratio between 
the progenitor set population and the red sequence popu- 
lation split by redshift and luminosity. It is apparent that 
large galaxies (—23 < M(V) < —21) in the red sequence 
trace the progenitor set well in terms of number and mass 
but that the relationship breaks down as we go towards the 
lower end of the luminosity function (M(V) > —21). The 
number and mass fractions remain stable, as a function of 
the luminosity slices shown in Figure lT^l within the redshift 
range explored in this study (0 < z < 1). 

Luminosity evolution studies which use the red sequence 
as a proxy for the early-type population (e.g. Bell et al. 2004) 
can therefore achieve accurate results only for the upper end 
of the luminosity function. However, the red sequence should 
not be used as a proxy for the progenitor set further down 
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Figure 16. The composition of the 'red sequence', defined as 
the galaxy population which occupies the part of the CM space 
dominated by early- type galaxies (shown in grey) , compared with 
the progenitor set in cluster populations. The diamonds indicate 
galaxies which are part of the progenitor set. Galaxies which are 
not part of the progenitor set are shown using small crosses. 
Galaxies in the red sequence are circled. The 'red sequence' misses 
blue galaxies, both early-type and late-type. This plot shows the 
evolution of the 'red sequence' from low to intermediate redshift. 



Figure 17. The composition of the 'red sequence', defined as 
the galaxy population which occupies the part of the CM space 
dominated by early- type galaxies (shown in grey) , compared with 
the progenitor set in cluster populations. The diamonds indicate 
galaxies which are part of the progenitor set. Galaxies which are 
not part of the progenitor set are shown using small crosses. 
Galaxies in the red sequence are circled. The 'red sequence' misses 
blue galaxies, both early-type and late-type. This plot shows the 
evolution of the 'red sequence' from intermediate to high redshift. 



the luminosity function, since a larger fraction of the (spi- 
ral) red sequence does not contribute to the progenitor set. 
In addition, the red sequence, almost by definition, misses 
contributions due to early-types which lie blueward of it. 
This is increasingly true at higher redshift - hence conclu- 
sions based on the colours of the red sequence should not 
generally be applied to early-type evolution. 



6 CONCLUSIONS 

We have comprehensively explored the extent of progenitor 
bias as a function of the luminosity and environment of the 
early-type remnant at z — 0. Our study, using the GALICS 
semi-analytical model, is the first of its kind which uses a 
fully realistic semi-analytical framework, in which mass as- 
sembly and morphological transformation can be followed 
accurately in the context of the currently popular hierarchi- 
cal merger paradigm. Against the backdrop of the impend- 
ing or recent release of data from large-scale surveys at high 
redshift, the results of this study are timely, providing a pic- 



ture of the mass assembly in present-day early-types and 
gauging the extent by which progenitor bias may affect the 
conclusions from 'early-type only' studies at high redshift. 

The main conclusions from our study can be sum- 
marised as follows: 

• Larger early-types in all environments are assembled 
later than their less massive counter parts. However, thei r 
stellar populations are generally older llKavirai et aUl200Ef) . 

• On average, without reference to environment, only 35 
percent of early- type galaxies are in place by z = 1. Mor- 
phological transformations ar significantly faster in cluster 
environments (where the vast majority of early-type studies 
have been based before the advent of large-scale surveys). 
In clusters almost 70 percent of early-types are in place by 
z = 1. In other words, the probability of a 'major merger', 
which creates an early-type remnant is low after z = 1 in 
cluster type environments. 

• Averaging across all environments, at z ~ 1, less than 
50 percent of the stellar mass which ends up in early-types 
today is actually in early- type progenitors at this redshift. 
This value is around 65 percent in clusters owing to faster 
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Figure 18. Comparison between galaxies in the actual progenitor 
set to those in the red sequence. TOP: Number ratio between the 
progenitor set population and the red sequence population split 
by redshift and luminosity. BOTTOM: Mass ratio between the 
progenitor set population and the red sequence population split 
by redshift and luminosity. It is apparent that large galaxies in 
the red sequence trace the progenitor set well in terms of number 
and mass but that the relationship breaks down rather rapidly as 
we go towards the lower end of the luminosity function. 



morphological transformation in this environment. In other 
words, looking only at early-type progenitors does not take 
into account almost half the mass in the progenitor set - the 
progenitor set doubles in mass in the redshift range < z < 
1. 

• Progenitor bias does not arise simply because (late- 
type) progenitor mass is missed, but also because the age 
profile of mass in progenitors of different morphological 
types tend to vary. Spiral progenitors are typically 'bluer' 
because they host more recently formed stars than early- 
type progenitors. Hence, age-dating the progenitor set using 
an 'early-type only' CMR after excluding the spiral progen- 
itors biases the CMR towards redder colours and overesti- 
mates the average of the population. 

• One of the principal aims of this study is to provide a 
means of including spiral progenitors which might be early- 
type progenitors, and thus correct, at least partially, for pro- 
genitor bias. We have therefore focussed on spiral progeni- 
tors in the model and compared their properties, in detail, 
to the general spiral population. 

• There is a greater preponderance of progenitors among 
larger spirals at all redshifts. At low redshifts (z < 0.1), 



20 to 40 percent of spirals with M(B) < —20.5 are early- 
type progenitors. At intermediate redshifts 0.3 < z < 0.5, 
these values rise to 30 and 60 percent respectively. At high 
redshift (z ~ 1) spirals with M(B) < —21.5 have more than 
a 60 percent probability of being an early-type progenitor 
while spirals with —20 < M(B) < —21.5 have between a 30 
and 40 percent chance of being early-type progenitors. The 
falling progenitor fractions towards lower redshift are partly 
due to the changing morphological mix of the Universe. 

• The colour-magnitude space of the spiral population 
provides a better route to identifying spiral progenitors us- 
ing both the luminosity and the optical colour. At z ~ 0.1, 
spirals with -21.5 < M(B) < -20.5 have ~ 30 percent 
chance of being a progenitor. For larger spirals, those with 
red (B - V) colours, i.e. (B — V) > 0.8, have ~ 60 per- 
cent chance of being a progenitor, while the corresponding 
probability for bluer spirals is 30 to 50 percent. 

At intermediate redshift (z ~ 0.5), red spirals, with 
-21.5 < M(B) < -20.5 and (B — V) > 0.6, have ~ 30 
percent probability of being an early-type progenitor, while 
blue spirals in the same luminosity range have a low pro- 
genitor probability. For larger spirals at these redshifts, 
the probabilities are appreciably higher - red spirals with 
(B — V) > 0.7 have between a 75 and 95 percent chance of 
being progenitors, while 50 to 75 percent of blue spirals in 
this luminosity range are progenitors. The situation at high 
redshift z ~ 1 is similar to that at intermediate redshift. The 
trends in the (V — K) colour are similar to those in (B — V). 

• Finally we have explored the correspondence between 
the progenitor set and the 'red sequence', defined as the part 
of the CM parameter space which is dominated by early-type 
galaxies. We find that galaxies, both late and early-type, 
that fall in this parameter space do not necessarily trace the 
progenitor set well. Large galaxies ( — 23 < M(V) < —21) 
in the red sequence correspond to the progenitor set reason- 
ably well in terms of number and mass but the relationship 
breaks down as we go towards the lower end of the lumi- 
nosity function (M(V) > —21). Hence, luminosity evolution 
studies which use the red sequence as a proxy for the early- 
type population, therefore achieve accurate results only for 
the upper end of the luminosity function. In addition, the 
red sequence, almost by definition, misses contributions due 
to early-types which lie blueward of it - hence conclusions 
based on the colours of the red sequence should not gen- 
erally be applied to early-type evolution, especially at high 
redshift. 
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